A psychrophilic, Gram-stain-negative, rod-shaped, red-pigmented bacterium, designated strain B1789 T , was isolated from an ice core of Muztagh Glacier on the Tibetan Plateau in China. Phylogenetic analysis based on 16S rRNA gene sequences showed that strain B1789
The genus Hymenobacter was first proposed by Hirsch et al. in 1998 as a novel genus of the family Cytophagaceae [1] . At the time of writing, 54 species of this genus with validly published names have been reported [2, 3] . Members of the genus have been isolated from various environments including lake [4] , deserts [5] , soils [6] [7] [8] , sands [9, 10] , wetlands [11, 12] and glaciers [13, 14] . Most of them are aerobic, Gram-stain-negative, rod-shaped, red-pigmented, contain menaquinone MK-7 and have high DNA G+C contents (55-70 mol%) [15] . In the present study, a novel strain, designated B1789
T , was found and tested through a polyphasic approach. We consider that it represents a novel species of the genus Hymenobacter.
Strain B1789
T was isolated from a 164-m-long ice core at a depth of 96.23 m. The ice core was drilled from Muztagh Glacier on the Tibetan Plateau, China (36 20.94¢ N 87 10 .38¢ E, 5770 m above sea level). Thawed water from sections of the ice core was used for cultivation. After incubation on R2A agar at 4 C for 30 days [16] bacterial colonies had developed. The colonies were picked and subcultured several times to confirm that they were pure cultures. The isolate was routinely cultured on R2A agar at 15 C and maintained as a glycerol suspension (15 %, w/v) at À80 C.
Genomic DNA was extracted and purified according to the methods of Marmur [17] . The 16S rRNA gene was amplified with primers 27F (5¢-AGAGTTTGATCCTGGC TCAG-3¢) and 1492R (5¢-CGGTTACCTTGTTACGAC TT-3¢) as described by Embley [18] . Subsequently, the nearly full-length 16S rRNA gene sequence (1411 bp) was compared with sequence entries in EzBioCloud [19] in order to determine the approximate phylogenetic affiliation. Related 16S rRNA gene sequences were analysed with the software package MEGA 5.05 [20] using neighbour-joining, maximum-likelihood and maximumparsimony algorithms to reconstruct a phylogenetic tree with bootstrap values based on 1000 replications (Fig. 1) . The result of EzBioCloud identification indicated that strain B1789 T was closely related to Hymenobacter antarcticus JCM 17217 T with 97.9 % 16S rRNA gene sequence similarity. Phylogenetic analyses revealed that strain B1789
T and H. antarcticus JCM 17217 T formed a monophyletic group in the phylogenetic tree (Fig. 1) . Therefore, we considered that strain B1789
T represented a novel species of the genus Hymenobacter. Based on phylogenetic data ( Fig. 1 Colony characteristics were observed on R2A agar medium after 7 days of growth. Morphology was observed by transmission electron microscopy (JEM-1400; JEOL) after the cells had been grown for 4 days at 15 C (Fig. S1 , available with the online Supplementary Material). The Gram reaction was performed using a Gram stain kit (Difco) according to the manufacturer's instructions. Catalase activity was determined from bubble production in 3 % (v/v) H 2 O 2 . Oxidase activity was determined using 1 % N,N,N¢, N¢-tetramethyl-1,4-phenylenediamine (Oxidase Reagent; bioM erieux). Bacterial motility was assessed by the hangingdrop method [21] . Growth temperature of the strain was Hymenobacter xinjiangensis X2-1g T (DQ888329)
Hymenobacter gelipurpurascens Txg1 T (Y18836)
Hymenobacter chitinivorans Txc1 T (Y18837)
Hymenobacter roseosalivarius AA-718 T (Y18833)
Hymenobacter elongatus VUG-A112 T (GQ454797)
Hymenobacter norwichensis NS/50 T (AJ549285)
Hymenobacter fastidiosus VUG-A124 T (EU382214)
Hymenobacter psychrophilus BZ33r T (GQ131579)
Hymenobacter actinosclerus CCUG 39621 T (Y17356)
Hymenobacter kanuolensis T-3 T (KC192770)
Hymenobacter psychrotolerans Tibet-IIU11 T (DQ177475)
Hymenobacter latericoloratus YIM 77920 T (AB859260)
Hymenobacter perfusus A1-12 T (HM032896)
Hymenobacter yonginensis HMD1010 T (GU808562)

Hymenobacter wooponensis WM78 T (KF631221)
Hymenobacter qilianensis DK6-37 T (KF723715)
Hymenobacter roseus JC245 T (HG965772)
Hymenobacter daecheongensis Dae14 T (EU370958)
Hymenobacter tibetensis XTM003 T (EU155015)
Hymenobacter metalli A2-91 T (HM032898)
Hymenobacter flocculans A2-50A T (HM032897)
Hymenobacter ginsengisoli DCY57 T (JN090860)
Hymenobacter arcticus R2-4 T (KC213491)
Hymenobacter glaciei VUG-A130 T (GQ454806)
Hymenobacter arizonensis OR362-8 T (JX294485)
Hymenobacter antarcticus VUG-A42aa T (EU155012)
Hymenobacter ruber PB156 T (KF056994)
Hymenobacter saemangeumensis GSR0100 T (JN607158)
Hymenobacter soli PB17 T (AB251884)
Hymenobacter ocellatus Myx 2105 T (Y18835)
Hymenobacter deserti ZLB-3 T (EU325941)
Hymenobacter koreensis GYR3077 T (JN607157)
Rufibacter roseus H359 T (KM264303) Fig. 1 . Neighbour-joining phylogenetic tree for strain B1789 T , based on 16S rRNA gene sequence analysis. Numbers at nodes indicate bootstrap percentages (based on 1000 replications). Bar, 0.01 changes per nucleotide position. Filled circles indicate that the corresponding nodes were also recovered in trees generated with the maximum-likelihood and maximum-parsimony algorithms.
tested from 0 to 40 C (with an interval of 5 C) in R2A broth medium after 14 days of incubation (growth at 0 C was maintained with an ice/water mixture, while other temperatures were sustained using a constant-temperature incubator). Tolerances to salt were tested in R2A broth medium with 0, 1, 2, 3, 4, 5, 6, 7 and 8 % (w/v) NaCl. The pH range for growth was determined in R2A broth at 15 C of pH 4.0-11.0 (at intervals of 1.0 pH unit); the pH of the medium was adjusted by addition of buffer solutions (Na 2 HPO 4 /NaH 2 PO 4 for pH 5.0-7.0, no buffer was added for pH 4.0 and Na 2 CO 3 /NaHCO 3 for pH 8.0-11.0). Other physiological and biochemical properties were determined using API 20NE, API 20E and API ZYM strips (bio-M erieux) according to the manufacturer's instructions. A comparison of physiological and biochemical characteristics between strain B1789
T and its closest related reference strains in the genus Hymenobacter is given in Table 1 . Strain B1789 T could be differentiated from H. antarcticus JCM 17217
T by positive Voges-Proskaeur test, negative results for gelatin hydrolysis, assimilation of phenylacetic acid and no production of acid from DL-mannitol, D-sorbitol, inositol and sucrose.
For quantitative analysis of cellular fatty acid composition, cells were grown on R2A agar medium at 15 C for 7 days, and biomasses used for fatty acid analyses were harvested from the logarithmic growth phase. The cellular fatty acids were extracted and analysed according to the standard protocol of the Sherlock Microbial Identification System [22] . Fatty acid methyl esters were analysed by GC (model 6890; Agilent) with MIDI database Sherlock TSBA6 [23] . The major fatty acids of strain B1789
T were iso-C 15 : 0 (18.2 %), anteiso-C 15 : 0 (16.4 %) and summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c, 13.6 %). Strain B1789
T could be differentiated from H. antarcticus JCM 17217
T by having a greater content of iso-C 14 : 0 , iso-C 16 : 0 3-OH and anteiso-C 15 : 1 , and lower content of C 16 : 0 and iso-C 17 : 0 3-OH ( Table 2 ). The G+C content of the DNA of strain B1789
T was determined using the thermal denaturation method [24, 25] . The genomic DNA G+C content of strain B1789 T was 59.4 mol%.
Isoprenoid quinones were extracted from cells incubated in R2A broth medium for 7 days at 15 C and analysed according to the method described by Hiraishi et al. [1] . The predominant isoprenoid quinone of strain B1789
T was MK-7. Polar lipids were extracted and identified by two-dimensional TLC as described previously [26] . The polar lipids of strain B1789
T were phosphatidylethanolamine and three unidentified polar lipids (Fig. S2 ). Since strain B1789
T was most closely phylogenetically related to H. antarcticus JCM 17217 T at 97.86 % similarity, which exceeded the 97 % threshold recommended for the discrimination of separate bacterial species [27] , we further compared strain B1789 T and H. antarcticus JCM 17217
T at the genomic level by DNA-DNA hybridization experiments, which was carried out applying the optical renaturation method [24, 25] . Hybridizations were repeated three times and the mean value of these three determinations was used. The DNA-DNA relatedness between strain B1789
T and H. antarcticus (JCM 17217 T ) was 42±2 %.
Phylogenetic analysis and 16S rRNA gene sequence similarity together with the major fatty acids iso-C 15 : 0 , anteiso-C 15 : 0 , summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c) and summed feature 4 (iso-C 17 : 1 I and/or anteiso-C 17 : 1 B), the major polar lipid (phosphatidylethanolamine) and isoprenoid quinone (MK-7) data support the affiliation of strain B1789 T to the genus Hymenobacter. Furthermore, strain B1789
T could be differentiated from its closest phylogenetic neighbour, H. antarcticus JCM 17217
T , based on DNA-DNA hybridization results, carbon assimilation profile and fatty acid (iso-C 14 : 0 , iso-C 16 : 0 3-OH, anteiso-C 15 : 1 , C 16 : 0 and iso-C 17 : 0 3-OH) content. Based on the characters described above, the psychrophilic strain B1789
T represents a novel species of the genus Hymenobacter, for which the name Hymenobacter frigidus sp. nov. is proposed. T . All strains were positive for catalase and oxidase activities, alkaline phosphatase, cystine arylamidase, esterase (C4), esterase lipase (C8), leucine arylamidase, naphthol-AS-BI-phosphohydrolase, valine arylamidase, acid phosphatase and alkaline phosphatase. All strains were negative for indole production, arginine hydrolysis, urea hydrolysis, a-galactosidase, a-fucosidase, a-mannosidase and b-glucuronidase, and assimilation of mannose, mannitol, gluconate, capric acid, adipic acid, malic acid, trisodium citrate and phenylacetic acid. +, Positive; À, negative. All data are from this study. 
Enzyme activities:
Acid production from:
Hymenobacter frigidus sp. nov. (fri¢gi.dus. L. masc. adj. frigidus cold, referring to growth in a cold environment).
Cells are Gram-stain-negative, non-motile rods (0.8-1.1 µm wide and 1.5-3.1 µm long). Red-pink, smooth and circular colonies are produced on R2A agar after incubation at 15 C for 7 days. Growth occurs at [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] C (optimally at 10-15 C) on R2A agar with optimum growth at pH 6.0-7.0 and with 0-1 % (w/v) NaCl. Catalase and oxidase activities are positive. In API tests, positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, cystine arylamidase, naphthol-AS-BIphosphohydrolase and acid phosphatase but negative for 2-nitrophenyl-b-D-galactopyranoside, a-chymotrypsin, afucosidase, a-galactosidase, a-glucosidase, a-mannosidase, b-galactosidase, b-glucosidase, b-glucuronidase, lipase (C14), N-acetyl-b-glucosaminidase and trypsin (API ZYM test strip). Positive for Voges-Proskauer test but negative for nitrate reduction, aesculin hydrolysis, H 2 S production, indole production, starch hydrolysis and gelatin hydrolysis. Does not assimilate adipic acid, aesculin, arginine, capric acid, D-glucose, gelatin, gluconate, glucose, L-arabinose, malic acid, maltose, mannitol, mannose, phenylacetic acid, p-nitrophenol glucopyranoside, trisodium citrate, trytophan or urea (API 20NE test strip). Does not produce acid from amygdalin, arginine, D-glucose, DL-mannitol, D-sorbitol, inositol, L-arabinose, L-lysine, L-ornithine, L-rhamnose, Ltryptophan, melibiose, sodium thiosulfate pentahydrate, sucrose or trisodium citrate. The major menaquinone is MK-7. The major polar lipid is phosphatidylethanolamine. The major cellular fatty acids are iso-C 15 : 0 , anteiso-C 15 : 0 and summed feature 3 (C 16 : 1 !7c and/or C 16 : 1 !6c).
The type strain is B1789
T (=JCM 30595 T =CGMCC 1.14966 T ), which was isolated from Muztagh Glacier ice core, Tibetan Plateau, China. The genomic DNA G+C content of the type strain is 59.4 mol% (T m ). 
